ABSTRACT
That the induction of an enzyme system could be clonally distributed was first demonstrated with the galactose longterm adaptation mutants of yeast, which were originally isolated by Winge and Roberts (1) and extensively investigated by Spiegelman and coworkers (2) (3) (4) (5) (6) . By using the maintenance effect, Novick and Weiner (7) and Cohn and Horibata (8) demonstrated the same phenomenon in the bacterial lactose system.
In recent years population analyses have not been extensively used in the study of induction processes. Differential methods previously used to determine the percentage of induced cells in a population include measurement of the enzymatic activity of the descendants of a single cell under maintenance conditions (8) and colony differentiation on an indicator medium such as eosin-methylene blue plates (5) . These methods are incapable of precisely determining low percentages of induced cells; if either induced or noninduced cells comprise a progressively smaller percentage of the population, it becomes impossible to determine that percentage.
The galactose long-term adaptation mutation (gal 3*) in Saccharomyces cerevisiae is characterized by a long lag period in galactose medium after which growth in galactose commences at a normal rate (9) . Neither the function nor the nature of the Gal 3 gene product is known. However, it is known that the combination of the gal 3 mutation and the respiratory-deficient petite (p -) mutation acts as a conditional lethal mutation with regard to growth on galactose (9) . In this communication, we report the observation that gal 3, p+ strains adapted to galactose continue to grow on galactose when converted to p -strains by treatment with ethidium bromide, which specifically induces the respiratory petite mutation without attendant lethality (10 (12) or in YET broth medium (10 g of tryptone and 5 g of yeast extract per liter of medium). Solid media contained 20 g/liter of agar. Carbon sources were sterilized separately and added to the medium at a concentration of 20 g/liter unless specified otherwise just before use. The selective agar-plate medium was made by addition of ethidium bromide to a concentration of iO ug/ml into YET agar medium containing either 10 g/liter of galactose (abbreviated EB+1 galactose) or 100 g/liter of galactose (abbreviated EB+10 galactose). Cell concentrations in liquid culture were monitored with a Coulter model Zb particle counter with a 100-,um aperture as described (13 Chemicals. Ethidium bromide (2,7-diamino-10-ethyl-9-phenyl-phenanthridium bromide), B grade, was purchased from Calbiochem, Los Angeles, Calif. "Baker Grade" a->-galactose was purchased from J. T. Baker Chemical Co., Phillipsburg, N.J., and contained less than 0.1 mg/100 g of glucose as determined with the "Glucostat" glucose assay kit (Calbiochem). All other chemicals were of reagent grade obtained from commercial sources.
RESULTS
That the requirement for respiratory competency in both haploid and diploid gal 3 strains is not a general requirement for the induction of catabolic systems for fermentable carbon sources is shown by the data in Table 1 . Cultures of gal 3 strains grown on glucose, lactate, melibiose, or galactose are able to grow when plated onto ethidium bromide YET agar plates with glucose, maltose, or melibiose as a carbon source. Such cultures, however, are not capable of growth on EB+ galactose plates unless they have been adapted to galactose before plating. Adapted gal 3 strains grew as well as the wildtype strains on EB+ galactose plates. The plate counts of gal 3 strains pregrown in galactose were the same on EB+ glucose, EB+ galactose, YET+ glucose, and YET+ galactose plates. These data demonstrate that a Gal 3 gene product is required for the initial induction process, but is not required after the cells have been induced for growth on galactose. Furthermore, this product is not a prerequisite for the induction of the catabolic systems for maltose or melibiose.
The kinetics of the deinduction of the galactose system were studied after the transfer of strains D107 (gal 3) and X108-D (gal+) growing in YET+ galactose broth and WC+ galactose medium into YET+ glucose broth and WC+ glucose medium, respectively (Fig. 1) . From the number of colonies growing on EB+1 galactose and YET+ glucose plates of samples of cell suspension removed from YET+ glucose and WC+ glucose cultures, the conversion from induced (positive) to noninduced (negative) cells is observed only in strain D107 as the number of colonies on the EB+1 galactose plates decreases (Phase I in Fig. 1 ) while the total colony counts on YET+ glucose increase exponentially. It should be pointed out that the observed kinetics in Phase I are a function of dilution by cell division and independent of the growth medium used; the deinduction in YET+ glucose and WC+ glucose (Fig. 1 ) or in YET+ lactate (data not shown) showed identical kinetics in a plot of log F against the number of generations of growth. We have also confirmed this observation by determining that the fraction of induced cells remains constant for at least 72 hr under nongrowing conditions (data not shown).
The concept that an all or none response of an inducible system to inducer was due to the number of "induction units" per single cell was prevalent in the arguments of other investigators (5, 8) . The positive cells were assumed to be cells that contained more than a certain minimum number of induction units. The basic assumption for evaluation of the minimum number of units required for induction and the average number of units possessed by a fully induced cell was that the units are stable, their disappearance only being effected by dilution through cell division.
Using a differential method rather than a selective method, previous workers estimated the minimum number of units required for induction to be about one (5, 8) . That the mini- Cultures were each twice subcultured and grown out in YET medium containing glucose or galactose. The cultures were diluted to contain 103 cells per ml, and 0.1 ml was spread onto EB+1 galactose and E13+10 galactose plates.
= no growth; + = immediate growth. mum number of units must be greater than unity is obvious from the data in Fig. 1 , because the absolute number of positive cells in the population declines after reaching a maximum value rather than remaining constant as would be expected if but one unit was sufficient for induction.
Having established that the minimum number is greater than unity, the question must be asked whether or not the units are homogeneous as assumed by previous workers (5, 8) or whether they are heterogeneous. Cohn and Horibata (8) determined that the induction unit for the lactose system of Escherichia coli was the 3-galactoside permease. In order to determine if the induction units for the yeast galactose system are heterogeneous and if one or all of these units is the galactose-specific permease specified by the Gal 2 locus (14), we constructed the haploid double mutant strain 203-B (gal 2, gal 3). Table 2 shows that strain 203-B grows on EB+10 galactose plates when it is preinduced with galactose (100 g/liter) but exhibits no growth on EB+1 galactose plates whether preinduced or not, and also that single gal 2 mutants are incapable of growth on 1% galactose. Therefore, gal 3 strains of yeast plated onto EB+1 galactose agar medium require a functional Gal 2 gene product for growth. This characteristic makes it possible to analyze the deinduction kinetics of gal 3 strains by determining the fraction of induced cells in a population that is dependent on the permease and the fraction that is independent of the permease. The following relationship between these fractions can be derived on the assumption that the gene product of the Gal 2 locus is of one kind:
where F is the fraction of positive cells dependent on the permease, F' is the fraction of positive cells independent of the permease, xp is the average number of permease units at the nth generation, and mp is the minimum number of permease -units required to be a positive cell.
The theoretical curves of the plot of log F/F', n, and log xp are shown in Fig. 2 that is independent of the permease. The experimental data obtained in this manner are also plotted in Fig. 2 . The experimental values of F/F' at each generation correspond to the theoretical curve of mp = 2. It may be concluded that two units of galactose permease and some number of other units are minimally required for inducibility. These two units, however, cannot definitely be identified as "permease" molecules per se. The data in Table 2 establish only that a Gal 2 gene product is required for growth on 1% galactose, but does not eliminate the possibility that an additional growth requirement is alleviated by increasing the galactose concentration. Furthermore, the molecular mechanism of galactose transport in yeast has not been clearly defined and the nature of the deleted unit in gal 2 mutants is thus unknown. The term, permease unit, therefore, must be considered as a provisional description of a functional unit that is replaceable by high galactose concentrations. It is pertinent to note here that if we can assume that increasing the galactose concentration serves no other significant function than to alleviate a transport deficiency, one can calculate from the intersection of the log xp axis with the log F/F' axis in Fig. 2 the average number of galactose permease units in a fully induced cell to be 2000. The change in the fraction of positive cells due to the units other than the permease, measured under conditions of independence of the permease (determined by plating onto EB+10 galactose), can be used for an analysis of induction units other than the galactose permease. These other units could be either heterogeneous or homogeneous, or a combination of the two. In the first case the theoretical curves of F' for each value of m (number of different kinds of units) can be obtained from the following equation on the assumption The theoretical curves for these two possibilities exhibit a close relationship with the experimental data obtained by plating onto EB+10 galactose (Fig. 3) . In either case, the number of units other than the permease is shown to be three. The third possible combination of units, heterogeneous and requiring one of one kind and two of another kind of three required units, is described by the following equation:
The theoretical curve for this combination is also plotted in Fig. 3 The constant low fraction of positive cells observed in Phase II of Fig. 1 has been observed by previous workers who reported 5% of these colonies to be gal+ lines (9) . We have observed that colonies transferred from EB+1 galactose plates in Phase II through glucose medium retain a typical gal 3 phenotype (data not shown).
The hypothesis that the gal 3 mutants exhibit a long-term adaptation period because of a deficiency in the synthesis of the prerequisite endogenous compound is in accord with studies on the endogenous induction of the galactose operon in E. coli. Wu and Kalckar (15) 10 loci, but not the gal 5 locus, exhibit a significant shift in the deinduction kinetics similar to that seen in Fig. 3 .
